This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long as you credit the authors, but you can't change the article in any way or use it commercially. More information and the full terms of the licence here: https://creativecommons.org/licenses/ Takedown If you consider content in White Rose Research Online to be in breach of UK law, please notify us by emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT

Introduction 27
By some margin, water is the most commonly used medium for the dyeing of textile materials, with 28 air being employed in the vapour-phase dyeing of hydrophobic fibres and both non-aqueous liquid 29 solvents and non-aqueous supercritical fluids having attracted only small-scale, mostly niche 30 interest (1) . This paper concerns the application of dyes to textile fibres from aqueous dyebaths 31 using immersion processes (aka batchwise -, exhaust -, long liquor-processes) and the role of the 32 many and varied auxiliaries which are used in such dyeing processes. 33
34
In this context, an auxiliary can be defined as a chemical or formulated chemical product which 35 enables a processing operation in preparation, dyeing, printing or finishing to be carried out more 36 effectively or which is essential if a given effect is to be obtained (2). Such auxiliaries, which often 37 are referred to as dyeing auxiliaries, are extensively utilised in immersion dyeing for all dye-fibre 38 systems (eg disperse dyes/polyester, reactive dyes/cotton, acid dyes/wool, etc.); indeed, auxiliaries 39 are commonly viewed as essential components of such dyeing process. Auxiliaries are also widely 40 used in continuous dyeing (aka padding processes) and, whilst some auxiliaries are specifically 41 intended for use in either batchwise or continuous dyeing, many auxiliaries can be used in both 42 types of process. 43 M A N U S C R I P T
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3 compound, others may fulfil more than one role, and many commercial auxiliary products often are 55
proprietary mixtures that contain several components. Auxiliaries therefore include simple chemicals 56 such as inorganic salts (eg NaCl, etc.), lye (eg NaOH), acids (both organic such as CH 3 (16) that lists >6500 commercial products derived from 400-600 active compounds. Consumption of 65 dyeing auxiliaries is estimated to be 60-70% of that of dyes (12), which, in 2012, would have 66 corresponded to 0.96-1.2 x 10 6 T of auxiliary consumed in textile dyeing, according to an estimated 67 global dye consumption of 1.6 x 10 6 T (1). However, auxiliary usage varies according to several 68 factors, such as the particular dye-fibre system employed, depth of shade of the dyeing, machine 69 type, liquor ratio employed (a detailed account of liquor ratio is presented in section 5), etc., as 70 illustrated by Table 2 , which shows some of the types of auxiliary that can be employed in the 71 immersion dyeing of different types of fibre and, also, by the data displayed in Table 3, which  72 presents typical types and amounts of auxiliary utilised in the dyeing of knitted cotton fabric with 73 reactive dyes. 74 75 The principal aims of all immersion dyeing processes are to produce uniform dyeings of the desired 84 colour and depth of shade that display the required level of fastness to specified agencies (eg 85 washing, light, etc.). Of these (and other) characteristics sought in a dyed material, uniformity is 86 perhaps of greatest importance, because, if a dyeing is unlevel, then regardless of its colour, depth 87 of shade or fastness properties, it is most likely unsaleable. In this context, dyes vary, considerably, 88 in their ability to migrate during dyeing and thereby, to furnish level dyeings. Although such 89 migration ability is an inherent characteristic of a given dye and, often, a particular dye-fibre system, 90 dye migration during immersion dyeing can be conveniently manipulated by controlling the level of 91 dye-fibre substantivity within the dyeing process. As dye-fibre substantivity comprises both 92 mechanical and physico-chemical elements, the level of dye-fibre substantivity within exhaust 93 dyeing procedures can be adjusted by controlling machine-dependent factors (eg rate and extent of 94 dye-substrate interchange, heating rate, etc.) and by manipulating both the nature and extent of 95 dye-dye and dye-substrate interactions within the dyebath via, for example, pH adjustment, 96 temperature control, selection of liquor ratio, and, of relevance to this paper, the use of auxiliaries. 97
CH 3 COOH/CH 3 COONa in the case of acid dyes/PA fibres) or inorganic electrolytes in the dyeing of 101 cotton using direct dyes. Usually, commercial auxiliary products are additionally employed to 102 promote dyebath stability, maintain pH, enhance levelling, etc. Customarily, the use of proprietary 103 auxiliaries in immersion dyeing is highly recommended by dye makers, as exemplified by the 104 different types of commercial auxiliary product advocated for use in the immersion application of 105
Novacron LS (Huntsman) reactive dyes to cellulosic fibres, which are intended, for example, to 106 improve levelness and appearance (penetrating/de-aerating/defoaming products), to avoid problems 107 that arise from impurities in the dyebath (reduction penetrant, dispersing agent, Ca inactivation, 108 protective colloid and lubricant) and also to ensure that fastness is optimised (wash-off agents and 109 cationic fixing agents) (17) . Routinely, commercial dyeing recipes include the use of several 110 auxiliary products, as exemplified by the procedures displayed in Figures In each of these dye-fibre systems, the promotional effects imparted by the added inorganic 138 electrolyte during dyeing are non-permanent insofar as, at the end of dyeing, the electrolyte is 139 removed, which is of especial importance in the case of the wash-off stages that are employed in 140 the immersion dyeing of cellulosic fibres with reactive dyes. In a similar manner, carriers are 141 sometimes used to promote the sorption and levelling of disperse dyes on PES fibres but the 142 specific promotional effect imparted by the carrier is non-permanent and their complete removal 143 from the dyed substrate at the end of dyeing is essential in order for the dyed samples to display 144 optimum fastness to various agencies. In contrast, auxiliaries that are specifically employed to 145 improve the fastness properties of dyeings, such as fixing agents (aka cationic fixing agents) which 146 impart improved wet fastness to direct dyes on cellulosic fibres, or UV absorbers which provide 147 improved protection towards fading by light, must remain within the dyed substrate in order for their 148 impact to be achieved. In some cases, as exemplified by the use of reducing agents in the 149 application of sulphur dyes to cellulosic fibres, the auxiliary is an indispensable, essential 150 component of the dyeing process; in this particular case, the reducing agent converts the water-151 insoluble colorant into the fibre-substantive, water-soluble, thiol derivative that is adsorbed by the 152 fibre. 153 M A N U S C R I P T
environmental aspects associated with the use of dyeing auxiliaries 155
Although water is often considered as a renewable resource owing to its replenishment by rainfall, 156 the total volume of water on earth is, of course, constant and, therefore, its availability for industrial, 157 agricultural and urban usage, is finite. Furthermore, as both the freshwater resources available 158 globally and the world's population are distributed unevenly, water shortages exist in many regions. 159
Such a situation can be expected to only worsen, as an expanding global population, continued 160 urban growth, rising industrialisation and increased food production place demands on the finite 161 global supply of water. 162
163
Although water is of fundamental importance in immersion dyeing, the amount of water employed 164 varies, according to, for example, the type of machine used, the type of fibre used, the physical form 165 of the fibre, type of dye, etc. Whilst precise figures are not available for global water usage in 166 dyeing, an indicative estimate has been proposed (1) based on global textile fibre consumption and 167 assuming an average liquor ratio of 1:8 for dyeing and a cumulative average 1:10 liquor ratio for wet 168 processes associated with dyeing (eg wetting, rinsing, wash-off, etc.). Using this approach, in 2015, 169 as world textile fibre production totalled 90.64 x 10 6 T (19), of which PES fibres accounted for ~59% 170 (53.1 x 10 6 T) and cotton & man-made cellulosic fibres ~31% (28.1 x 10 6 T), the amount of water 171 used in dyeing (assuming that all fibre production was dyed) would have been of the order of 16.3 x 172 10 11 l, of which 9.6 x 10 11 l can be ascribed to that of PES dyeing and 5.1 x 10 11 l to the dyeing of 173 cotton and other cellulosic fibres. However, as pointed out (1) (Table 4 and Table 5 ) (21). 178 Table 4 Water, chemicals and energy consumed in jet dyeing of cotton using reactive dyes Table 6 which 207 shows the low contribution that both dye and UV absorber make towards wastewater chemical 208 oxygen demand (COD) as these particular components of the disperse dye/PES dyeing system are 209 intended to be adsorbed by the substrate. 210 211 
224
The wastewater obtained from immersion dyeing processes varies, in terms of both volume and 225 composition, depending on factors such as, for example, the type of fibre being dyed and itsM A N U S C R I P T
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15 physical form, the class of dye used, the nature of the dyeing machine employed, etc., as well as 227 the particular water management philosophy in use. Dyeing wastewater is invariably highly 228 coloured, contains various types of both organic and inorganic compounds (see Tables 1 and 2 By way of explanation, for any dye-fibre system, all of the dye that is applied to the textile substrate 262 during immersion dyeing should, ideally, be physically and/or chemically retained by the substrate. 263
The proportion of dye originally applied to a substrate that remains on the substrate after exhaust 264 dyeing and associated processes, is referred to as dye fixation (1). In practice, 100% dye fixation is 265 rarely achieved in immersion dyeing, as demonstrated by the data shown in Table 7 ; in this context, 266 it has been estimated that ~2 x 10 5 T of the dyes produced annually are lost during dyeing and 267 finishing because of inefficient dyeing procedures (45). Levels of dye fixation vary for different dye-268 fibre systems (Table 7) , with that typically achieved for reactive dyes on cellulosic fibres being 269 characteristically low. 270 271 
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For all dye-fibre systems, at the end of exhaust dyeing, unfixed, vagrant dye molecules must be 274 removed from the dyed material, which otherwise, will desorb from the dyeing during subsequent 275 use (eg domestic laundering), resulting in colour change and staining of adjacent materials. 276
Although a rinse using cold water is the most rudimentary removal process that can be used, such a 277 simple water rinse is seldom able to remove all residual dye. Thus, a more rigorous process, 278 referred to generically as wash-off, is employed, which commonly takes the form of successive 279 aqueous treatments which utilise progressions of cold/warm/hot water baths together with 280 specialised, proprietary auxiliaries to expedite dye and auxiliary removal. In this context, the wash-281 off of reactive dyes on cellulosic fibres is of especial significance from a wastewater perspective. 282
283
Reactive dyes are so named because they can 'react' with appropriate groups within the cellulosic 284 fibre and, therefore, form a covalent bond with substrate (the dyes can also covalently bind to other 285 types of fibre that contain suitable nucleophilic groups, such as PA, silk and wool). To achieve this, 286
reactive dyes are applied to cotton and other cellulosic fibres under aqueous alkaline (eg NaOH, 287 Na 2 CO 3 ) conditions so that electrophilic groups in the dye can form a covalent bond with the more 288 strongly nucleophilic, ionised hydroxyl groups (Cell-O -) that are generated within the substrate under 289 alkaline conditions, rather than the less nucleophilic cellulosic hydroxyl groups (Cell-OH). 290
Unfortunately, such aqueous alkaline application conditions result not only in covalent bond 291 formation with the substrate but also alkali-induced hydrolysis of the reactive dye. Thus, all 292 commercial reactive dyes display inherently low levels of dye-fibre fixation efficiency. Consequently, 293 in the case of reactive dyes used for dyeing of cellulosic fibres, wash-off is of fundamentally 294 importance in achieving dyeings of satisfactory levels of fastness. As such, multiple wash-off baths 295 and specific wash-off auxiliaries (aka wash-off agents) are utilised in exhaust reactive dyeing 296 processes, as exemplified by the five-stage procedure shown in Table 8 . 297 The wash-off processes that are employed in the application of reactive dyes to cellulosic fibres 303 contribute markedly to the effluent load generated in dyeing not only because of the presence of 304 unfixed dye in the wastewater but also because of the presence of the proprietary wash-off agent 305 that is employed. An additional contribution to the effluent load generated in reactive dyeing 306 processes stems from the routine use of very large amounts of inorganic electrolyte (eg upto 100 gl The wide range of different types of auxiliary that are likely to be present in the wastewater 388 generated during dyeing can be anticipated to contribute to the overall environmental load; Table 10  389 shows possible pollutants and pollution loads from dyeing (49). 390 391 Table 10 Possible As might be anticipated, the contribution that auxiliaries make to the environmental load of 394 wastewater will vary according to the dye-fibre system in question. For example, the contribution of 395 dispersing agents and levelling agents is significant in the case of dyeing with vat or disperse dyes; 396 processes such as reduction clearing and softening are also associated with high values of COD 397 (8). 398 Table 11 Environmental indicators obtained for mills mainly processing a particular type of fibre (15) M A N U S C R I P T Table 11 shows environmental indicators obtained for the dyeing and other wet processing of 404 different types of fibre (15). The higher value of COD recorded for PES can be attributed to the 405 dispersing agents and levelling agents used in dyeing with disperse dyes. As mentioned, the 406 COD/BOD 5 ratio can be considered as an indicator of the relative biodegradability of wastewater 407 (27), insofar as an inverse relationship exists between the ratio and biodegradability; the 408 comparatively lower biodegradability of the wastewater generated from PES processing is apparent 409 (Table 11) . (Table 12) of 452 which >95% related to TDS (electrolyte). 453 As recounted above, immersion dyeing consumes large amounts of water, as do the other wet 458 processes to which textile fibres are subjected during their conversion into a dyed textile material, 459 although water consumption varies markedly among such processes, as illustrated by the data 460 shown in Table 13 . 461 462 Table 13 
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486
As illustrated by the data displayed in Table 14 , the liquor ratio that is employed for dyeing and the 487 amount of the auxiliaries that are used in dyeing, are linked, insofar as, the larger the liquor ratio, 488 the greater the amount of auxiliaries required for dyeing. It follows therefore, that the amount of 489 water consumed in dyeing, expressed via liquor ratio, is of major economic importance, not only 490 from the viewpoint of the direct cost of the water used, but also, and more significantly, because of 491 the fact that the amount of auxiliaries utilised and their direct cost, are directly related to the amount 492 of water employed. Indeed, the adoption of low liquor ratios in dyeing has beneficial effects in terms 493 of the cost of dyeing, not only from the viewpoint of auxiliary usage but also, for example, from the 494 related perspective of the amounts of water, steam and energy consumed (75-79), as illustrated by 495 the data shown in When the amount of the auxiliaries that are used in dyeing is calculated on the basis of mass of 501 fibre, liquor ratio has a marked effect on the effective concentration of the auxiliary that is present in 502 the dyebath, which, in turn, has implications in terms of, for example, the manner by which the 503 auxiliary functions, the treatment required for its removal from wastewater, etc. For example, 504
consider the use of a fibre protective agent that is deployed at 5% omf in a process for dyeing 250 505 kg of fibre. If a 1:10 liquor ratio is used for dyeing, the auxiliary would have a concentration in the 506 dyebath of 5 gl -1 whereas at a 1:6 liquor ratio, the concentration of the fibre protective agent would 507 be 8 gl -1 . It is common for dye makers to prescribe the amount of auxiliaries (and dye) required 508 depending on the particular ratio selected for dyeing ( 
512
As discussed previously, the amount of water consumed in dyeing has major environmental 513 implications. For example, in the case of China, where shortage of water resources is severe, 514 insofar as >300 of the 640 major cities face water shortages and 100 cities face severe scarcities 515 
